Glioblastoma (GBM) is the most common and lethal primary brain tumor in adults, with nearly 100% of patients ultimately succumbing to the disease. Median patient survival is 15 months, and no standard of care currently exists for recurrent cases. Glioma stem cells (GSCs), a rare and highly aggressive subpopulation of cells within these tumors, have recently emerged as drivers of tumor initiation and recurrence, and a growing body of evidence suggests that they must be completely eradicated to prevent relapse. Toward this goal, we have developed polyethylenimine-wrapped spherical nucleic acid nanoparticles (PEI− SNAs) targeting Gli1, a transcription factor within the Hedgehog signaling pathway that is crucial for the maintenance of GSCs.
■ INTRODUCTION
RNA interference (RNAi) therapeutics have received tremendous attention recently for their potential to revolutionize the management of diseases with a known genetic basis. In a clinical setting, RNAi offers the ability to silence the expression of genes that promote disease progression with greater potency and specificity than small molecule drugs. However, one unresolved challenge toward recognizing the clinical potential of RNAi is maximally delivering siRNA to the targeted disease site. 1, 2 This is because siRNA is highly susceptible to degradation by nucleases present ubiquitously in physiological conditions, is cleared rapidly from circulation, and cannot cross cellular membranes due its large size and negative charge. As a result, there is a need to develop carriers to protect siRNA and efficiently deliver it to sites of disease. One of the greatest challenges in developing clinically translatable siRNA carriers is achieving a balance between efficacy and toxicity; many strongly cationic carriers that are highly effective for intracellular siRNA delivery are also toxic due to their tendencies to destabilize cellular membranes and trigger immune responses. 3−5 The reverse is also true: many materials with more favorable biocompatibility profiles are less effective as transfection agents.
Toward the goal of identifying carriers to maximize siRNA delivery efficacy and minimize toxicity, we have recently developed a hybrid delivery vehicle consisting of a spherical nucleic acid (SNA) core and a polyethylenimine (PEI) shell that provides greater cellular uptake and endosomal escape as compared to highly biocompatible SNAs and greater cytocompatibility and transfection efficiency as compared to PEI−siRNA polyplexes. 6 SNAs, which consist of radially oriented, densely arranged siRNA stabilized on a gold nanoparticle core, exhibit a controlled siRNA architecture that imparts unique properties favoring siRNA delivery to biological systems. Most notably, SNAs are rapidly taken up by >50 cell types, provide steric and electrostatic hindrances against endonucleases, and do not induce an immune response in animal models. 7−10 Further, their successful delivery of siRNA and miRNA to glioblastoma tumors has prompted the first clinical trial evaluating their use as therapeutics for glioblastoma and gliosarcoma. 8, 11, 12 However, their tendency to accumulate within late endosomes limits their transfection efficiency. 13 Simultaneously, polycationic materials such as PEI have been widely investigated as siRNA carriers for their ability to encapsulate and protect nucleic acids and rapidly enter cells. In particular, PEI is strongly cationic due to its high amine content, which enables PEI−siRNA polyplexes to overcome a major bottleneck to their intracellular delivery: achieving endosomal escape. 4, 5 However, toxicity common to polycationic materials has limited its clinical translation. 14 Interestingly, we found that PEI-wrapped SNAs afford enhanced cellular uptake and endosomal escape to improve gene silencing efficacy while dramatically reducing the cytotoxicity of PEI, 6 warranting continued investigation of these constructs as therapeutic gene regulatory agents for diseases with a genetic basis.
One devastating disease that might benefit from the continued development and application of RNAi therapeutics is glioblastoma multiforme (GBM). GBM is the most common and lethal neurological tumor in adults, representing nearly 50% of all malignant primary brain tumors. 15 The three main treatment strategies, surgery, radiation, and chemotherapy, often fail to completely eradicate the disease, in part due to intrinsic or acquired resistance to therapy characteristic of GBM tumors. Consequently, tumor recurrence is inevitable, and nearly 100% of patients eventually succumb to disease. 16, 17 Recently, a growing body of work has identified a role of developmental pathways in GBM progression. One such pathway is the Hedgehog (Hh) signaling pathway. 18−20 During development, Hh signaling plays a key regulatory role in tissue patterning and stem cell maintenance. It is subsequently inactivated in most differentiated adult tissues, during which the Ptch1 transmembrane receptor represses Smo, a G-protein coupled receptor (GPCR)-like protein. However, aberrant pathway activation is implicated in many cancers, including GBM. In GBM, this aberrant activation is most commonly initiated when extracellular Sonic Hh ligand binds to Ptch1, which relieves its suppression of Smo to drive an intracellular signaling cascade that ultimately results in the translocation of the Gli1 transcription factor to the nucleus, where it transcriptionally regulates the expression of genes that promote GBM progression. When activated in GBM, Hh/Gli1 signaling induces proliferation and survival signaling and also maintains an aggressive subpopulation of GBM cells called glioblastoma stem cells (GSCs). 18, 19, 21 GSCs are pluripotent, highly tumorigenic cells that resist therapy and generate the bulk of GBM tumors. This is enabled by their ability to divide asymmetrically; they can divide to produce additional GSCs by self-renewal, or they can divide and differentiate into nontumorigenic progenitor and differentiated GBM cells. 22, 23 Further, GSCs cycle slowly and tend to reside within the hypoxic tumor core, rendering them highly refractory to radiation and chemotherapies that target rapidly dividing cells. As a result, traditional therapies fail to eliminate GSCs, which in turn drive tumor recurrence. Due to their highly aggressive characteristics, GSCs must be eradicated to achieve complete tumor regression.
GSCs may be eliminated by targeting the developmental pathways that maintain them, such as Hh signaling. Therefore, we hypothesized that GBM progression could be halted by targeting Gli1 with RNAi therapeutics. Much research has previously been dedicated to targeting a diverse selection of genes toward the goal of reducing GBM chemoresistance, stemness, and ultimately disease progression. For example, nanocarriers delivering siRNA against genes that promote survival, drug resistance, and DNA repair such as Bcl2, 24 Bcl2L12, 8 survivin, 25 cyclin D1, 26 MDR1, EGFR and EGFRviii, 27 and MGMT, 28, 29 have been previously demonstrated to improve GBM therapeutic response in preclinical testing. Importantly, many of these genes are known transcriptional targets of Gli1; therefore, we hypothesized that targeting Gli1 upstream of these genes might have broad effects toward halting GBM progression. In this work, we developed Gli1-targeted PEI−SNAs, characterized their cellular uptake and intracellular trafficking mechanisms, and demonstrated that they can reduce the chemoresistance and stemness of GBM cells (Figure 1 ). Our results demonstrate that PEI−SNAs bind cells via scavenger receptors and undergo both dynamin-dependent, caveolae-mediated endocytosis and macropinocytosis ( Figure 2 ). Following endocytosis, the majority of PEI−SNAs are routed to late endosomes and lysosomes. Despite this, Gli1 PEI−SNAs can successfully reduce the expression of the Hh signaling components Gli1 and Smo by ∼30%, and this corresponds to an ∼30% reduction in Hh transcriptional target genes that promote GBM progression including CyclinD1, c-Myc, Bcl2, and ABCG2 ( Figure 4 ). Gene regulation by Gli1 PEI−SNAs also mediates a 30% reduction in GBM cell proliferation ( Figure  5A ) and a distinguishable onset of cellular senescence ( Figure  5B ). Further, Gli1 PEI−SNAs reduce the metabolic activity of GBM cells by ∼60% alone or in combination with TMZ (temozolomide, the frontline chemotherapy for GBM) ( Figure  5C ). Importantly, Gli1 PEI−SNAs impair the self-renewal capacity of GBM cells as indicated by a 30−40% reduction in the expression of stemness genes ( Figure 6A ,B) and by impairing the formation of neurospheres ( Figure 6A ,C,D). This translates to a substantial improvement in neurosphere chemosensitivity as demonstrated by a 2-fold increase in the fraction of cells undergoing apoptosis in response to low doses of TMZ ( Figure 7 ). These findings underscore the potential for siRNA therapeutics targeting Gli1 to reduce GBM resistance to therapy and warrant the continued development of polycation−SNA hybrid siRNA carriers for potent gene regulation.
■ EXPERIMENTAL SECTION
Nanoparticle Synthesis and Characterization. Citratestabilized gold nanoparticles (AuNPs, 15 nm) were prepared using the Frens method 30 and treated with 0.1% diethyl pyrocarbonate (DEPC) to inactivate RNases. SNAs were synthesized and characterized for siRNA loading as previously reported. 31 Briefly, RNase-free AuNPs were suspended in 0.2% Tween-20 and 350 mM NaCl and subsequently functionalized with thiolated siRNA (1 nmol per mL of 10 nM AuNPs; Integrated DNA Technologies, Coralville, IA). The NaCl concentration was slowly increased to 500 mM and incubated overnight prior to passivation with 2 kDa methoxy-polyethylene glycol-thiol (mPEG-SH; Laysan Bio, Arab, AL) to increase stability. PEI−SNAs were synthesized by incubating purified SNAs suspended in water at 10 nM with 1 mg/mL 25 kDa branched PEI (Sigma-Aldrich, St. Louis, MO) for 15 min under sonication to prevent aggregation, and then, the PEI− SNAs were purified by centrifugation to remove unbound PEI. siRNA sequences used are as follows: Scr, 5′-UGAUAAGUC-GUUGGUGCACdT-3′; Gli1, 5′-UUGGGAGUCAAAUUC-CUGGCdT-3′. Using an OliGreen assay to measure siRNA loading, 31 Scr-SNAs contained 53.3 ± 6.5 duplexes, and Gli1-SNAs contained 58.7 ± 11.2 duplexes. All loading was measured prior to coating SNAs with PEI.
Cell Culture and Stable Gene Expression. U87-MG cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA), cultured in Dulbecco's Modified Eagle's Medium (DMEM; VWR, Radnor, PA) supplemented with 10% fetal bovine serum (FBS; Gemini Bio-Products, West Sacramento, CA), and maintained in a humidified incubator at 37°C, 5% CO 2 . For neurosphere experiments, U87-MG cells were seeded as a single-cell suspension in low-adhesion plates cultured in NeuroCult NS-A (STEMCELL Technologies, Vancouver, BC, Canada) medium supplemented with recombinant human epidermal growth factor (EGF, 20 ng/mL), recombinant human basic fibroblast growth factor (bFGF, 10 ng/mL), and heparin (2 μg/mL). To study the intracellular trafficking of PEI−SNAs, U87-MG cells were stably transformed with GFP-tagged endosomal markers using standard lentiviral transduction procedures. Briefly, Rab5-GFP (Addgene # 56530), Rab7-GFP (Addgene # 12605), Rab11-GFP (Addgene # 12674), or LAMP1-GFP (Addgene # 34831) were cloned into a lentiviral transfer vector (System Biosciences, Palo Alto, CA) by restriction cloning. Lentiviral particles were produced by triple-transfecting (TransIT-Lenti transfection reagent; Mirus Bio, Madison, WI) 293TN cells (System Biosciences, Palo Alto, CA) with either transfer vector and lentiviral packaging and envelope plasmids (Addgene #12260,12259). Lentivirus was harvested, filtered, and diluted in cell culture medium to transform U87-MG cells. Cells stably expressing the desired protein were selected with 1 mg/mL puromycin (VWR, Radnor, PA).
Assessment of Endocytosis Pathways. Endocytosis pathways responsible for the cellular uptake of PEI−SNAs were investigated using flow cytometry and fluorescence microscopy. U87-MG cells were seeded in 24-well culture plates to 60−70% confluence and treated with inhibitors to various components of endocytic pathways according to the conditions detailed in Table S1 . Treated cells were incubated with Cy5-labeled PEI−SNAs (40 nM siRNA) for 4 h and either trypsinized for flow cytometry analysis using a NovoCyte flow cytometer (ACEA Biosciences, San Diego, CA) or fixed in 4% formaldehyde, counterstained with DAPI and DyLightTM488-Phalloidin (Cell Signaling Technology, Danvers, MA), and mounted on slides using gelvatol mounting medium for fluorescence microscopy using a Zeiss AxioObserver.Z1 microscope (Zeiss, Thornwood, NY). PEI−SNA distribution into neurospheres was conducted similarly by culturing neurospheres for 1 week prior to treatment with endocytosis inhibitors and PEI−SNAs and subsequently dissociating them for flow cytometry analysis or imaging them intact using a Zeiss LSM880 confocal microscope to collect z-stacks of whole spheres.
Confocal Microscopy and Image Analysis. U87-MG cells stably expressing Rab5-GFP, Rab7-GFP, Rab11-GFP, or LAMP1-GFP were seeded in 35 mm glass bottom dishes to 60−70% confluence. Cells were incubated with Cy5-labeled PEI−SNAs for 24 h, counterstained with CellMask Orange (Thermo Fisher Scientific, Waltham, MA), and fed with FluoroBrite DMEM Media (Thermo Fisher Scientific, Waltham, MA). Cells were imaged live using a Zeiss LSM880 confocal microscope equipped with an incubated stage. Z-stacks were acquired to analyze PEI−SNA/endosomal colocalization throughout the entire volume of cells. Quantitative colocalization analysis was performed as previously described 6 to calculate Mander's colocalization coefficients 32 for each endosomal marker. Briefly, image analysis was performed using data from three independent experiments. Regions of interest (ROIs) were identified by manually tracing individual cells based on the CellMask Orange channel. Both the Cy5 and GFP channels were median filtered with a 3-by-3-by-3 neighborhood and top-hat filtered using a 2 μm disk element. MCCs were calculated for each ROI in each image stack.
Gene Expression Analysis by Quantitative Real-Time Polymerase Chain Reaction (qPCR). The gene regulation 
Molecular Pharmaceutics
Article DOI: 10.1021/acs.molpharmaceut.8b00707 Mol. Pharmaceutics XXXX, XXX, XXX−XXX C potency of Gli1 PEI−SNAs was evaluated using qPCR. U87-MG cells were seeded at 100 000 cells/well in a 12-well culture plate and grown overnight. Cells were incubated with PEI− SNAs (50 nM siRNA) for 24 h in complete medium, fed with fresh medium, and incubated a further 48 h at 37°C, 5% CO 2 . RNA was isolated using an Isolate II RNA Mini Kit (Bioline, Taunton, MA), and qPCR was performed using SensiFAST SYBR One-Step Master Mix on a LightCycler 96 (Roche Diagnostics Corporation, Indianapolis, IN). Gene expression was normalized to that of GAPDH. Primer sequences are listed in Table S2 .
Evaluation of Cell Proliferation, Senescence, and Viability. Gli1 PEI−SNAs were evaluated for their ability to reduce GBM cell proliferation, senescence, and viability in combination with TMZ. To measure proliferation, U87-MG cells were treated with Gli1 PEI−SNAs as described for qPCR analysis and then assessed using an EdU assay (Thermo Fisher Scientific, Waltham, MA). Briefly, treated U87-MG cells were incubated with 10 μM EdU for 16 h, then trypsinized, fixed in 4% formaldehyde, and permeabilized with 0.05% saponin prior to staining according to the manufacturer's protocol. EdU incorporation was detected by an AlexaFluor488-azide and measured by flow cytometry (Ex 488 nm/Em 530/30 nm) using a NovoCyte flow cytometer. Senescence was evaluated in cells treated with PEI−SNAs using a Senescence-Associated β-Galactosidase (SAβGal) Kit (Cell Signaling Technology, Danvers, MA) according to the manufacturer's protocol. Stained cells were imaged using a Zeiss Axioobserver.Z1 microscope equipped with a color camera. U87-MG cell metabolic activity (taken to correlate with viability) was assessed following cotreatment with Gli1 PEI−SNAs and TMZ. Cells were seeded in 96-well plates at a density of 2500 cells/well and treated with Scr or Gli1 PEI−SNAs as described above. Treated cells were then exposed to TMZ concentrations ranging from 0−1000 μM for an additional 72 h and then evaluated using an MTT assay (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's protocol. Each treatment group was performed in triplicate, and separate cells treated with equivalent volumes of DMSO (used to reconstitute and store TMZ) were used to ensure that toxicity was due to TMZ treatment rather than the DMSO vehicle.
Assessment of Self-Renewal and Neurosphere TMZ Response. A neurosphere culture model was used to assess the impact of Gli1 PEI−SNAs on the self-renewal capacity of U87-MG cells. First, U87-MG cells were seeded in standard adherent culture at a density of 25 000 cells/mL in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were treated with Gli1 PEI− SNAs or Scr PEI−SNAs for 24 h at 37°C, 5% CO 2 , fed with fresh medium, and incubated a further 48 h at 37°C, 5% CO 2 . Cells were then trypsinized and seeded in suspension at a density of 10 000 cells/mL to grow as neurospheres as described above for 1 week at 37°C, 5% CO 2 . After 7 days, the entirety of each well was imaged using a Zeiss AxioObserver.Z1 microscope equipped with automated stage control. Images were stitched using Zeiss Efficient Navigation software (ZEN 2.0; Zeiss) and exported for analysis, and then, spheres were counted and measured in ImageJ. The sphere size reported is the diameter of the projected area imaged by bright-field microscopy.
To assess the effect of Gli1 PEI−SNAs on neurosphere response to TMZ, we used a similar neurosphere model. Cells were pretreated with PEI−SNAs in adherent culture and then seeded as neurospheres as described above. At 72 h postseeding of the neurospheres, cells were exposed to PEI− SNAs for an additional 24 h and then resuspended in fresh medium containing TMZ. Spheres were incubated in TMZ for 72 h and subsequently assessed for apoptosis using an Annexin-V−FITC/PI assay (Cayman Chemical Company, Ann Arbor, MI). Annexin-V−FITC/PI staining was analyzed on a NovoCyte flow cytometer.
Statistical Analysis. All experiments were performed in triplicate, and data represent means ± standard deviations from three independent replicates unless otherwise indicated. Groups with significant differences were identified using oneway ANOVA with a post hoc Tukey test (or Student's t-test when only two groups were compared), and differences were considered significant at p < 0.05. Statistical tests were performed in MATLAB software (MathWorks, Natick, MA), and flow cytometry data was analyzed using NovoExpress software (ACEA Biosciences, San Diego, CA).
■ RESULTS AND DISCUSSION
Evaluation of PEI−SNA Endocytosis Mechanism. To begin our evaluation of Gli1 PEI−SNAs, we were interested in understanding the mechanism by which PEI−SNAs are taken up by cells. Importantly, the mechanism of endocytosis can determine the intracellular fate of the siRNA cargo, which must reach the cytosol to facilitate gene silencing. Based on previous studies that have separately demonstrated that both PEI-based polyplexes 33 and SNAs 34 undergo clathrin-independent, caveolae-mediated endocytosis, we expected to observe similar results. We further anticipated that PEI−SNAs would bind to cells via class A scavenger receptors, which has been previously reported for SNAs. 34 For our studies, we used chemical inhibitors to different endocytosis mechanisms (Table S1) to determine which pathways were necessary for cellular uptake of PEI−SNAs fluorescently labeled with Cy5-siRNA. Cells were subsequently analyzed by flow cytometry and fluorescence microscopy to identify changes in both net cellular association and in cellular localization of PEI−SNAs. As expected, we found that fucoidan (FCD), a potent scavenger receptor inhibitor, significantly decreases the net cellular uptake of PEI−SNAs by up to 75%, and little association of PEI−SNAs with cells was detected by fluorescence microscopy (Figure 2) . Similarly, we found that methyl-β-cyclodextrin (MβCD), a caveolae/lipid raft inhibitor, but not chlorpromazine (CPZ), a clathrin inhibitor, significantly reduces the uptake of PEI−SNAs by up to 50% (Figure 2 ). While cargo internalized by clathrin or caveolae-dependent mechanisms can ultimately be routed to lysosomes, caveolae can also fuse with intermediate vesicles called caveosomes, which do not acidify and can avoid lysosomal trafficking in some cases. 35, 36 Interestingly, one study found that polyplexes taken up by clathrin-mediated endocytosis are routed to lysosomes for degradation, but polyplexes taken up by caveolae-dependent mechanisms were more likely to evade lysosomes and induce efficient transfection. 33 We additionally found that the cellular uptake of PEI−SNAs occurs in a dynamin-dependent manner, indicated by a significant 50% reduction in PEI−SNA uptake in cells treated with dynasore ( Figure 2 ). Cytochalasin D, which disrupts actin polymerization to inhibit phagocytosis, does not significantly reduce PEI−SNA uptake (Figure 2) .
Evaluation of PEI−SNA Intracellular Trafficking. Having demonstrated that PEI−SNAs undergo both dynamin-dependent, caveolae-mediated endocytosis and macro-
Molecular Pharmaceutics
Article DOI: 10.1021/acs.molpharmaceut.8b00707 Mol. Pharmaceutics XXXX, XXX, XXX−XXX pinocytosis, we next sought to understand the consequences of this uptake mechanism on the intracellular trafficking of PEI− SNAs. While our previous research demonstrates that PEI− SNAs are visible in early endosomes within 1 h and undergo reduced lysosomal accumulation relative to SNAs and PEI− siRNA polyplexes, 6 we were further interested in determining whether PEI−SNAs accumulate within other endosomal compartments, including early endosomes, late endosomes, recycling endosomes, and lysosomes. In these studies, we used U87-MG cells engineered to stably express fluorescently tagged endosomal compartments, including Rab5-GFP, Rab7-GFP, Rab11-GFP, and LAMP1-GFP, which label early endosomes, late endosomes, recycling endosomes, and lysosomes, respectively, to determine the subcellular localization of PEI−SNAs by confocal microscopy. Cells were incubated with Cy5−PEI−SNAs for 24 h and imaged by confocal microscopy to capture z-stacks containing the entire volume of the cells. To quantitatively assess colocalization between PEI− SNAs and endosomal compartments, Manders' colocalization coefficients (MCCs) were calculated for each endosomal compartment. MCCs measure the fractional overlap of fluorescent signals 32 and range from 0−1, where MCC = 0 indicates that no colocalization is present, and MCC = 1 indicates that the two signals colocalize perfectly. Here, we have calculated both the fractional overlap of Cy5−PEI−SNAs and GFP-endosomes (MCC 1 ) to evaluate the fraction of siRNA signal within endosomes as well as the fractional overlap of GFP-endosomes and Cy5−PEI−SNAs (MCC 2 ) to evaluate the fraction of endosomes containing siRNA.
We found that Cy5−PEI−SNAs colocalize to the greatest extent with LAMP1-GFP (MCC 1 = 0.87 ± 0.04) and Rab7-GFP (MCC 1 = 0.84 ± 0.04), which was significantly greater than colocalization with Rab11-GFP (MCC 1 = 0.73 ± 0.06) or Rab5-GFP (MCC 1 = 0.65 ±0.04, Figure 3 A,B) . Additionally, LAMP1-GFP colocalizes with Cy5−PEI−SNAs (MCC 2 = 0.61 ± 0.002) to a significantly greater extent than other endosomal markers (MCC 2 all ∼0.45, Figure 3A,B) . Therefore, we conclude that PEI−SNAs accumulate to the greatest extent within Rab7+ late endosomes and LAMP1+ lysosomes. This is consistent with previous studies, which demonstrate that avoiding retention within the endolysosomal network remains a challenge for RNAi therapeutics. 6, 37, 38 These results demonstrate that future research should seek to reduce the lysosomal entrapment of these constructs possibly through the incorporation of cell penetrating peptides or ionizable lipids to provide additional mechanisms of achieving endosomal escape. Additionally, the relatively strong colocalization of PEI−SNAs with Rab5+ early endosomes (MCC > 0.5) suggests that PEI− SNAs are continually endocytosed through 24 h incubation. Unexpectedly, we also observed relatively high colocalization with Rab11+ recycling endosomes, suggesting a mechanism by which PEI−SNAs may be exocytosed. While it is unusual for nanoparticles to exhibit colocalization with Rab11+ vesicles, 39 previous studies investigating the intracellular fate of SNAs have demonstrated that while the gold core is retained within lysosomes, the oligonucleotide shell is gradually cleared from cells over a period of 24 h, likely due to nuclease degradation and oligonucleotide exocytosis. 13 A similar process may explain our results, which show that Cy5-siRNA can colocalize with Rab11+ recycling endosomes.
Gli1 PEI−SNAs Regulate the Expression of Hh Signaling Components and Downstream Target Genes. Next, we evaluated the gene regulation potency of Gli1 PEI−SNAs using qPCR to measure mRNA expression of Hh signaling components and downstream target genes known to promote GBM progression. Gli1 PEI−SNAs significantly reduce Gli1 expression by 30% relative to PEI−SNAs carrying a scrambled control siRNA sequence (Scr PEI−SNAs; Figure  4 ). We also observed a significant 30% decrease in the expression of the GPCR-like protein Smo (Figure 4 ), which is also considered an oncogene that can induce aberrant Hh signaling to further drive cancer progression. 40 Mutations to Smo are common to many cancers, and therapeutics targeting Smo often fail in the clinic, because acquired Smo mutations render tumor cells refractory to Smo-targeted therapy. 41 Our results demonstrate that Gli1-targeted RNAi can reduce the expression of both oncogenes. Interestingly, we did not observe significant differences in the expression of the 
Article DOI: 10.1021/acs.molpharmaceut.8b00707 Mol. Pharmaceutics XXXX, XXX, XXX−XXX transmembrane receptor Ptch1. Ptch1 normally inhibits Smo to suppress Hh activity and is thus considered the tumor suppressor of the Hh pathway, so we were encouraged that Gli1 PEI−SNAs did not reduce the expression of this gene. We also observed ∼30% decreases in the pro-GBM Gli1 transcriptional target genes cyclin D1, c-Myc, Bcl-2, and ABCG2 (Figure 4) . Cyclin D1 promotes cell cycle progression through the G1/S transition, and its overexpression in GBM correlates with poor prognosis. Further, silencing cyclin D1 inhibits proliferation, induces apoptosis, and reduces the invasive capacity of GBM cells. 26 While c-Myc also promotes proliferation in numerous cancers, it has been further recognized as a key regulator of glioma cancer stem cells. 22, 42 Bcl-2 opposes apoptosis and contributes substantially to GBM therapy resistance, and inhibiting Bcl-2 can enhance the response of glioma cells to TMZ. 43 ABCG2 is an ABC transporter known for its drug efflux activity to promote cell survival and also regulates self-renewal and the expression of stemness genes in glioma cells. 44 Taken together, these results demonstrate that Gli1 PEI−SNAs can downregulate multiple genes that contribute to GBM progression, chemoresistance, and stemness, and we expect the observed gene regulation to exert tumor suppressive effects.
Gli1 PEI−SNAs Slow Proliferation, Induce Senescence, and Reduce Chemoresistance of GBM Cells. To test whether the gene regulation capacity of Gli1 PEI−SNAs is sufficient to induce a tumor suppressive response against GBM cells, we investigated the impact of Gli1 PEI−SNAs on proliferation, senescence, and response to TMZ. Using a 5ethynyl-2′-deoxyuridine (EdU) assay to measure proliferation, we found that Gli1 PEI−SNAs significantly reduce the fraction of proliferative (EdU+) U87-MG cells by ∼30% relative to cells treated with Scr PEI−SNAs ( Figure 5A ). This is consistent with our measured decreases in cyclin D1 and c-Myc expression ( Figure 4 ) and with previous reports demonstrating that suppressing Gli1 reduces GBM proliferation. 18, 19 In parallel with our observed decrease in proliferation, we recently reported that silencing Gli1 can induce senescence in PTEN-deficient U87-MG cells. 18 To determine whether Gli1 PEI−SNAs could also elicit this effect, we employed a senescence-associated β-galactosidase (SAβ-Gal) assay to visually identify cells undergoing senescence. SAβGal staining demonstrated that U87-MG cells treated with Gli1 PEI−SNAs broadly undergo senescence, as indicated by teal SAβGal staining, while cells treated with Scr PEI−SNAs do not ( Figure 5B ). During senescence, cells enter a stable state of cell cycle arrest but remain metabolically active. 45 While much remains unknown regarding the anticancer implications of senescence, a growing body of research has demonstrated that senescence can induce tumor suppressive effects and even compensate for apoptosis in some contexts, such as when expression of the tumor suppressor PTEN is lost. 46 Interestingly, senescent cells acquire a senescenceassociated secretory phenotype (SASP), which can trigger immune responses to either promote tumor progression or promote immune clearance of tumor cells. 47, 48 In aggregate, our data suggests that Gli1 PEI−SNA-mediated senescence exerts tumor suppressive effects, though future research should continue to investigate the effects of the SASP induced by Gli1 silencing on GBM progression.
Next, we were interested in investigating the effects of Gli1 PEI−SNAs on GBM cell sensitivity to the frontline chemo- 
Article DOI: 10.1021/acs.molpharmaceut.8b00707 Mol. Pharmaceutics XXXX, XXX, XXX−XXX therapy, TMZ. One way we could envision using such a Gli1targeted therapy is to first administer our Gli1 RNAi therapeutic to downregulate cellular resistance mechanisms and subsequently treat with TMZ. To model this schedule, we first treated U87-MG cells with Gli1 PEI−SNAs, incubated the cells for 72 h, and then treated cells with TMZ doses ranging from 0−1000 μM for an additional 72 h, after which we measured cellular metabolic activity using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Our results demonstrate that Gli1 PEI−SNAs significantly reduce U87-MG metabolic activity by ∼60% alone and in combination with low doses of TMZ ( Figure 5C ), suggesting that Gli1 PEI−SNAs might reduce the required dose of TMZ to achieve a therapeutic effect. Notably, the observed decrease in metabolic activity appears to be largely due to Gli1 PEI− SNAs alone rather than TMZ, which may reflect the fact that U87-MG cells grown in adherent culture are highly refractory to TMZ, as shown by our own previous studies and studies conducted by others. 18, 50 This is supported by the observation that TMZ failed to reduce metabolic activity in cells treated with Scr PEI−SNAs except at the highest dose tested (1000 μM), which is 20-fold higher than the maximum clinically feasible TMZ dose at the tumor site. 49 At this dose of TMZ, Scr PEI−SNAs reduced metabolic activity by ∼40%, while we observed a similar but slightly larger decrease of ∼57% in cells treated with Gli1 PEI−SNAs. In addition to supporting prior knowledge that adherent-cultured U87-MG cells are TMZinsensitive, our results are also consistent with our finding that Gli1 PEI−SNAs induce senescence in adherent-cultured U87-MG cells. Because TMZ is an alkylating agent and therefore exhibits selective toxicity to actively dividing cells, the onset of senescence could explain why TMZ is ineffective toward reducing metabolic activity in this context. The results from these intriguing experiments prompted us to next evaluate combination therapy using TMZ and Gli1 PEI−SNAs in GBM neurospheres, which exhibit greater sensitivity to clinically relevant TMZ doses. 50 Gli1 PEI−SNAs Reduce Stemness and Impair Self-Renewal of GBM Cells. We were next interested in whether Gli1 PEI−SNAs could reverse the stemness of GBM cells to impair the self-renewal capacity of GSCs. First, we determined the extent to which Gli1 PEI−SNAs could reduce the expression of stemness genes in adherent-cultured cells ( Figure  6A,B) . By qPCR, we found that Gli1 PEI−SNAs significantly reduce the expression of CD133 and NANOG by 38 and 25%, respectively ( Figure 6B ). We also observed a slight but insignificant decrease in Sox2 expression ( Figure 6B ). To determine whether these changes are sufficient to impair selfrenewal, we used a sphere-formation assay, in which U87-MG cells are seeded in suspension to form multicellular neurospheres that exhibit increased stemness relative to adherentcultured cells. 18 In these experiments, U87-MG cells were pretreated with PEI−SNAs for 72 h and then dissociated and suspended in serum-free medium supplemented with growth factors to form neurospheres over a period of 7 days ( Figure  6A ). Bright-field images show that neurospheres grown from cells pretreated with Gli1 PEI−SNAs are significantly smaller than those grown from cells pretreated with Scr PEI−SNAs, exhibiting an ∼40 μm decrease in average projected diameter ( Figure 6C,D) . Further, we found that treatment with Gli1 PEI−SNAs reduced the total number of neurospheres formed by 26% ( Figure 6D ), though this result was not statistically significant. Notably, we detected this reduction in size and number of neurospheres 10 days after Gli1 PEI−SNA treatment, whereas previous work demonstrates that a single transfection with SNAs can silence gene expression for up to 96 h. 8 Here, we demonstrate that PEI−SNAs are a useful vehicle for achieving sustained effects of Gli1-targeted therapy. Consistent with our other results, this suggests that Gli1 PEI− SNAs can impair the stemness of GBM cells to reduce the formation of neurospheres through self-renewal. Our findings are corroborated by prior studies, which reported that either transient transfection of siGli1 or treatment with a Smo inhibitor into GBM neurospheres significantly hinder neurosphere growth. 19, 21 Similar results have been obtained using the pharmacological Gli inhibitor, GANT61, encapsulated within PLGA nanoparticles. PLGA−GANT61 reduced tumorsphere formation in colon and breast cancer cell lines. 51 The ability of Hh inhibitors to decrease the number of cancer stem cells (CSCs) has been demonstrated in vivo as well; one study reported that PLGA−PEG nanoparticles delivering another pharmacological Gli inhibitor, HPI-1, reduced the number of 
Article DOI: 10.1021/acs.molpharmaceut.8b00707 Mol. Pharmaceutics XXXX, XXX, XXX−XXX G ALDH+ CSCs in a murine orthotopic pancreatic cancer xenograft. 52 In totality, these results suggest that Gli1 PEI− SNAs can impair the self-renewal capacity of U87-MG cells and may be useful to eliminate the aggressive GSC subpopulation.
Gli1 PEI−SNAs Potentiate the Neurosphere Response to TMZ Chemotherapy. Finally, we were interested in whether treating neurospheres with Gli1 PEI−SNAs could improve neurosphere response to TMZ. We first confirmed that PEI−SNAs could enter neurospheres by confocal microscopy and flow cytometry. Confocal microscopy demonstrates that Cy5-labeled PEI−SNAs can easily penetrate small neurospheres (<100 μm) but accumulate to the greatest extent within the periphery of larger neurospheres ( Figure 7A ) within 24 h. Flow cytometry analysis of neurospheres dissociated after treatment demonstrates that Cy5-labeled PEI−SNAs can enter 91.3% of cells grown as neurospheres ( Figure 7B ). Taken together with our microscopy data, this suggests that PEI−SNAs can penetrate neurospheres greater than 100 μm in diameter but show greater accumulation near the periphery than in the center. This is consistent with previous work demonstrating that SNAs can successfully transfect human tumor neurospheres, 8 so we were encouraged that our PEI−SNAs retain this property. We were further interested in examining the mechanism by which PEI−SNAs penetrate neurospheres. We found that the scavenger receptor inhibitor FCD reduces the uptake of PEI−SNAs by neurosphere-cultured cells by 43%, and the caveolae/lipid raft inhibitor MβCD reduces uptake by 64% ( Figure 7C) , demonstrating that these are mechanisms that are required for PEI−SNA distribution through neurospheres.
To investigate the capacity for Gli1 PEI−SNAs to potentiate the neurosphere response to TMZ, we treated cells according to the timeline in Figure 7D . Adherent-cultured cells were pretreated with PEI−SNAs for 72 h, seeded as neurospheres, and incubated a further 72 h. Spheres were treated with a second PEI−SNA pulse for 24 h, resuspended in TMZcontaining medium, and incubated for 72 h. Spheres were dissociated and analyzed for apoptosis using an Annexin-V− FITC/propidium iodide (PI) assay. We found that spheres primed with Gli1 PEI−SNAs prior to low-dose TMZ treatment (50 μM) exhibited a nearly 2-fold increase in the fraction of apoptotic cells relative to cells primed with Scr PEI−SNAs (Figure 7E,F) . Gli1 PEI−SNAs also increased the fraction of apoptotic cells in response to 100 and 200 μM TMZ by 62 and 50%, respectively. This is consistent with previous research, which demonstrated that the pharmacological Hedgehog pathway inhibitor cyclopamine can increase the fraction of Caspase3+ apoptotic GBM stem cell cultures in combination with TMZ. 19 An additional report found that cyclopamine could potentiate the cytotoxic effects of TMZ in CD133+ glioma stem cells. 53 However, the clinical translation of cyclopamine has been deterred by severe toxicity and rapid clearance from circulation. 54 Further, cyclopamine targets Smo, upstream of Gli1 in the Hedgehog signaling pathway, and a growing body of work has demonstrated that cancer cells frequently acquire resistance to Smo antagonists, potentially limiting their utility. 55 Among Gli1 inhibitors, furthest along in 
Article DOI: 10.1021/acs.molpharmaceut.8b00707 Mol. Pharmaceutics XXXX, XXX, XXX−XXX development is GANT61, which, despite its potency in preclinical models, is poorly stable at physiological conditions. 55 Further, the ability of GANT61 to cross the blood− brain barrier remains poorly understood. Because SNAs have previously demonstrated sufficient stability in physiological conditions and can accumulate within glioma xenografts and improve tumor response to TMZ, 8, 11, 28 we are hopeful that a Gli1-targeted construct might behave similarly. Based on our results and the results of others, we hypothesize that Gli1 PEI− SNAs may also accumulate within GBM tumors in vivo to exert antitumor effects that also extend to GSCs, though this remains to be evaluated in future work.
■ CONCLUSIONS
In this work, we have demonstrated that Gli1 PEI−SNAs can improve the response of GBM cells and aggressive GBM neurospheres to TMZ chemotherapy. We found that Gli1 PEI−SNAs bind scavenger receptors on GBM cells to undergo endocytosis in a caveolae/lipid raft/dynamin-dependent manner and that this leads to trafficking through the classical endolysosomal pathway. Despite many of the nanoparticles accumulating within late endosomes and lysosomes, Gli1 PEI− SNAs could silence the expression of genes associated with the Hedgehog signaling pathway that promote the aggressive, chemoresistant phenotype of GBM. Further, this leads to a decrease in proliferation that correlates with an onset of GBM cell senescence as well as a decrease in metabolic activity with or without TMZ cotreatment. Importantly, Gli1 PEI−SNAs reduced the growth of stem-like neurospheres and sensitized neurospheres to low doses of TMZ chemotherapy. These results warrant further development of PEI−SNAs and Gli1targeted therapies to alleviate drug resistance and recurrence for GBM patients.
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